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Fropuicien cysteine aro a key factor in the de- 
sign ani performance of general aviation airplanes. 
liAGA research programs that ai'e intended to support 
improvements in those engines are described, Ho- 
eiprocating enrlnes aic by far the moot numerous 
poworplantc in the aviation fleet; near-term ef- 
fort'; aro bo i in; made to loner their fuel consump- 
tion and emissions. Longer-term work includes ad- 
vanced alternatives, such as rotary and light- 
weight Diesel engines, Turbopropulsion is becoming 
inci’eacir.j’ly important for general aviation. Work 
is underway on improved turbofans and turbopropc, 

Introduction 


also higher. ilirailarly, the engine cannot be sim- 
plified so much to lower price that performance suf- 
fers excessively (paint C), Both extremes incroaee, 
rather than de crease, airplane prico, 

NASA has traditionally accepted the responsi- 
bility for conducting research to support Improve- 
ments in the large commercial airplane category. In 
recant years there hac been a growing Involvement in 
work related to general aviation, Figure 3 outlines 
the major propulsion areas in which research is now 
Coinn on. The body of the paper Is devoted to de- 
ccriptiono of these activities. 

Intermittent-Combustion Engine Research 


Propulsion systems represent a key element In 
4 the design, performance, and economies of general 
' aviation aircraft, Just as they do for the large 
commercial airliners. The p;oportion of aircraft 
weight, acquisition cost, and maintenance cost as- 
sociated with the engine is usually oven higher 
than for the larger vehicles. 

In torms of the marketplace general aviation 
propulsion is definitely a major industry. As 
shown on the left side of figure 1 the number of 
engines built for general aviation dwarfs the com- 
mercial market. The vast preponderance of the en- 
gines are the low-horsepower, conventional recip- 
rocating type. Turboprops and turbofans have cap- 
tured the more -expensive, high-horsepower region. 
Due to the much higher cost of the large turbine 
engines, this picture looks quite different if the 
distribution of dollar sales is considered (right 
side of figure). But even on this basis the gen- 
eral aviation industry is impressive : Engine sales 

approach 1/2 billion dollars per year, which is 
about two-thirds as much as those of the large com- 
mercial engines. 

As general aviation has evolved through the 
years, many improvements have been achieved in pro- 
pulsion systems. The most obvious one is probably 
the Introduction of turbine power. less revolu- 
tionary changes in reciprocating engines include 
better reliability and the use of turbocharging and 
fuel injection. However, fuel shortages, the de- 
mand for lower noise and pollution, the threat of 
foreign competition, etc. prevent complacency and 
create a continuing pressure for further improve- 
ments. 

The typical purchaser of a general aviation 
airplane is highly sensitive to acquisition cost. 
Therefore, engine performance cannot be improved at 
the expense of making the engine overly sophisti- 
cated and too costly. This is illustrated in fig- 
ure 2, where point B represents a more efficient 
engine than point A; however, the engine price has 
increased so much that the final airplane price is 
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It hoc already been observed that the predomi- 
nant general aviation poworplant is tho convention- 
al, spark-ignition gasoline engine. Collectively, 
thace familiar engines have established an excellent 
record for reliability, durability, and economy 
over the years. Nevertheless, improvements in these 
and related aroqu aro not only desirable and pos- 
sible, out necessary to meet future problems in such 
areas as energy utilization and environmental con- 
eern.i, The NASA program addresses technology for 
current-production as well as next -generation gaso- 
line engines and alternative I-C engines (such as 
diesels or rotaries) which can burn loss -expensive 
fuels. 

Gasoline Piston Engines 

Figure 4 summarizes NASA's near-term objectives 
for improved current-production type engines. It 
also shows a more ambitious set of longer-term goals 
for ail advanced, but all-new, engine of the some 
general type. 

Tho near-term technology program was initiated 
several yearn ago in response to omission standards 
proponed (but recently withdrawn) by the EPA. Sev- 
eral accomplishments to date deserve mention. Three 
automated engine test cells (fig. 5) have been 
built-up which feature real-time data readout via 
microprocessor technology. Using these in-house 
facilities and other Lewis resources, together with 
a continuing series of industry contracts, substan- 
tial programs have been completed in such areas as; 
basic engine characterization;^- effect of tempera- 
ture, humidity and lean operation on fuel economy, 
emissions and cooling requirements; 2 hydrogen en- 
richment of fuel; ^ and theoretical analyses of cool- 
ing fins, 4 Also, progress has been made toward the 
development of advanced analytical tools such as 
Otto Cycle and stratifled-charge performance and 
emissions prediction computer codes. ® 

As a result of these efforts, it is expected 
that, by late 1979, the technology will be demon- 
strated to achieve a substantial reduction in emis- 
sions. Also, most of the emissions work involved 
lean-operation concepts which led to fuel- 
conservative accomplishments as well. As a result 
of several test programs, however, it was found that 
improvements in several areas were needed to realize 
the potential 10-percent fuel economy gain offered 
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by loan operation, These inclulo vuriublo epari: 
timing, itnprovoa fuel injection, ami batter cooling. 

Figure t; illustrates a hypothetical cylinder 
heal design that incorporates these advancements 
into a woU-integi-ntcd package, Thoeo improvements 
collectively appear capable of mooting all of our 
near-term goals, turn possibly or Improving upon 
then, The oorbl nation illustrated here fian been 
tested without the variable spark timing and has 
already demonstrated a 7ft cruise fuel eennoity im- 
provement with omissions reduced significantly be- 
low the KPA levelo. 

To meet the longer tern goals, advanced com- 
bustion research is essential to obtain further Im- 
provement!] in U&W and to permit the uae of leas 
expensive gasolines. A study io presently underway 
at Tele<lyno Continental Motors (TOM) to character - 
ire and define the technology requirements of an 
advanced (1988) gasoline platen online. 

Alternative F.nclnec 

In the longer term, advancod dienol or 
strahified-ehavgo operation ic essential to utilise 
cheaper, broader-cpccification fuelc. The incen- 
tive ic that, basod on current fuel prices, diooel 
fuel (for example) io 10 "' to lb# cheaper per gallon 
than avgas, yet contains about 10# more Btu 1 c per 
gallon, Thus a fuel cost caving potential of "0# 
or more la readily apparent, even if BSFC’s are not 
Improved, at all, 

Diesel Engines . Automotive and militai’y re- 
search reoulte Indicate that improved combustion of 
heavy fuels may result from use of an insulated or 
"adiabatic" diesel combustion chamber. This devel- 
opment, coupled with other related technology ad- 
vances, underlies the long-term goals shown in fig- 
ure 7. 

An initial feasibility toot program was con- 
ducted to show that a conventional turbocharged 
gasoline aircraft engine could be converted to die- 
sel operation at no penalty in weight, power, or 
fuel consumption. Those experiments at the Univer- 
sity of Michigan^ on a dieaelized aircraft cylin- 
der, late in FT 78, showed a cruise-power BSFC that 
was actually better than the baseline gasoline cy- 
linder’s. Since the poak firing pressures were 
within the baseline cylinder’s specification capa- 
bility, no increase in the engine *3 basic structural 
weight would be expectod. This positive result 
lends credibility to the thought that an advanced- 
technology diesel, incorporating the adiabatic com- 
bustion chamber and designed specifically as an 
aircraft diesel engine, could meet the ambitious 
long-term goals of figure 7. 

The program is now focussed on a radial, two- 
cycle concept which features the adiabatic combus- 
tion system and a unique, self-powered turbocharger 
concept, Results to date from the Teledyne -General 
Product Division (TGPD) study indicate that the 
long-term goals can be met, contingent on technol- 
ogy advances in several key areas: 

(1) Adiabatic combustion and variables 
compression piGton technologies, now being devel- 
oped for Army four-cycle tank engines, must be re- 
fined to lightweight, two-cycle applications, 

( 2) Advanced turbocharger technology is re- 
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qulred, in tormc of improved component efficiencies, 
higher turbine temperatures, and a variable-area 
turbine. 

(A) Advanced materials are needed for piston 
rings and bearings. 

Rotary Engines . The rotary or Vfankol engine 
(fig, 0) ic of intoroot because of its turbine-like 
attributes of simplicity, lightweight, compactness, 
low-drag installation features, low vibration and 
reduced cabin noise, Its reputed disadvantages of 
higji fuel consumption and emissions have Leon at 
least partially overcome by continued research, 
lor example, various modifications of on aircraft 
rotary engine have been tested during the past few 
years under NASA contract, 7 By increasing the com- 
pression ratio and other refinements, the initially 
disappointing, B3FC was improved by lb# while the 
engine tr.ot the former EPA omission standards. Its 
specific weight of about 1.2‘d lb/hp-hr is already 
attractive, and its compact envelope would result in 
significant installation advantages if properly in- 
tegrated into an airplane design, Foreseeable im- 
provements in ouch areas as variable ipjiition tim- 
ing, timod fuel injection, and bettor seal materi- 
als could improve the current test values to a spe- 
cific weight of about 1,0 lo/hp and a cruise BBFO 
about equal to current reeips by the early 1980’ a. 

To meet the longer term goals, howevor, will 
require major technology advances on several fronts, 

(1) Birect-injooted, otratlfied-charged (DISC) 
operation is essential to obtain a true multifuol 
capability. Rotary DIDO combustion research now 
underway shows promising results but must be exten- 
ded to the much higher speeds and chamber pressures 
envisioned for the advanced aircraft engine, (Re- 
search io currently limited to 6000 rpm or loss by 
"state-of-the-art" diesel injection equipment.) 

(2) An overall electronic control system is 
heeded to optimally coordinate the ignition and 
fuel-delivery functions. 

(5) Improved apex seal designs and materials 
are needed to provide acceptable durability and 
friotion-loss characteristics with the higher pres- 
sures, speeds, and temperatures associated with high 
specific output powers, 

(4) To approach the diesel’s BSFC levels, it 
will be necessary to decrease the rotary's presently 
large heat losses by insulating the rotor and hous- 
ings in a manner analogous to the adiabatic diesel. 
This is a completely unexplored area of technology. 

(5) Turbocharging and possibly turbocompounding 
will be required to meet the specific power and BSFC 
goals. Because of the rotary's characteristically 
high exhaust gas temperatures (which will be even 
higher if a solution to the combustion-chamber- 
insulation problem is found), high temperature tur- 
bine materials will be needed, Turbocharger compo- 
nent efficiencies will need improvement. 

Turbofan Engines 

At the present time, the major NASA activity in 
this area is the QCGAT (Quiet, Clean General Avia- 
tion Turbofan) program. The objective of thlli near- 
term project is to demonstrate the applicability of 
available large turbofan engine technology to small 
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engines in order to obtuin significant reductions in 
noise ami pollutant emissions, while reducing or 
maintaining, fuel consumption levels. Follow inti ini- 
tial studios, contracts wera awarded to Ailiocoarch 
and AVCO-Lycoming to each design, fabricate, toot, 
and deliver to UAL’A a QC1AT engine. Those contracts 
were awarded in FT l‘J/7 and Involve a total value of 
•tO, 4 million, of which $i,v mi.'.lion in cost-shared 
by tlie contractors, 

The general approach of the program is outlined 
in figure D, To minimize costs, use of existing 
cores was specified mid testing is to be accom- 
plished with a roiier-plnlc nacelle; however, the 
internal aerodynamic characteristics arc correctly 
simulated and all rotating parts arc flight-worthy. 

In order to provide a baoic for assessing pro- 
pulsion system performance, the contractors have de- 
signed hypothetical twin-engine cxoeatlvo-type air- 
craft around their engines (fig, 10} , Although the 
aircraft appear similar, they ore considerably dif- 
ferent in Gize and design. The AiHeoearch aircraft 
is an uprated version of a Loarjot 35 weighing 
l'g,l‘j'j pounds at takeoff. Its cruise design point 
is at Mach 0,0 at a 40,000 -foot altitude. It can 
carry a ld-passenger payload including crew 1750 
nautical miles. 

The AVCO-Lycoming aircraft was designed speci- 
fically for the QCGAT engine by the Beech Aircraft 
Company under subcontract to AVCO. Its design 
flight characteristics are similar to the Cessna Ci- 
tation cruising at approximately Mach 0,G at 33,000 
feet. It has a takeoff gross weight of 7600 pounds 
with a payload capability of six passengers includ- 
ing crew flying for a 1500-nautical-mllo range, 

Figure 11 shows cutaway views of the two QCGAT 
engines in an installed configuration. Acoustic 
treatment and the internal mixer nozzle for perform- 
ance improvement and noise reduction are evident. 

The Aihesoarch Company chose the core and superchar- 
ger of their Model TIE 731-3 engine for the QCGAT 
engine. The basic TFE 731-3 is a 3700 -pound-thrust 
turbofan with two spools and a geared fan. It is 
currently used in the Dassault Falcon 10, Learjefc 
35/36 and others. As modified for QCGAT it incor- 
porates a new reduction gear box, combustor, and 
power turbine, The engine has a moderate bypass ra- 
tio (4.2)and fan pressure ratio - a design that is 
typical for the high altitude, high-speed design of 
the aircraft. The mixer nozzle is a key element in 
reducing takeoff noise and improving performance as 
model tests have shown, A low fan tip speed and 
proper fan rotor-stator spacing are other design 
features for low noise. 

The AVCO-Lycoming engine shown on the lower 
portion of the slide has similar installation fea- 
tures, The AVCO engine uses a modified LTS 101 
core. The basic LTS 101 core can provide fan en- 
gines having thrust levels in the order of 1000 to 
1300 poundG, The turboshaft version has flown in 
helicopters of two aircraft companies and was FAA 
certified in 1975. An Improved core was offered for 
the QCGAT program, which includes the addition of a 
new supercharger stage on the core compressor and 
increased turbine inlet temperature requiring an 
aircooled turbine. A new fan, reduction gear box, 
combustor, and power turbine make up the unique 
QCGAT engine parts. The installation features a 
mixer nozzle and acoustic treatment in the inlet 
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and fan duct. A relatively high bypass 
ratio (8,5), low fan pressure ratio, and low fan tip 
speed are characteristics selected to satisfy the 
lew noico requirements imposed on the propulsion 
system. THIg cycle io aloe nearly optimum for the 
Golocted ungino -airframe combination. 

The Aihecoareh civ ino war recently delivered to 
to HACA-Lewis Hecoaroh ''enter for further Looting 
wrdle the AVCG-Lycoming engine io still in test ut 
Stratford, Connecticut, arid will be delivered to 
NAGA in mid 1979, Current estimates and early to. t 
results indicate both onginec will either meet or 
beat the stringent noise reals established by JJACA. 
Those goals and the estimated values for cadi engine 
are shown below. 



AVCO-Lycoming 

AiRosearch 


Goal 

Actual 

Goal 

Actual 

Takeoff (3,8 n. 
ml. from runway 
threshold) 

f.5,1 

fA.V 

73.3 

73,3 

Sideline (0,H5 n. 
mi, sideline) 

78,4 

71.8 

80.3 

79.0 

Approach (370 ft. 
altitude 1 n. mi. 
from runway end) 

83.4 

V3.H 

87,3 

83.5 


Early engine test results indicate performance and 
emission goals will probably also be met. 

Small Turboprop Engines 

Turbo-propulsion is generally acknowledged to 
be desirable for a number of reasons, e,g, , low 
weight and vibration, long time between overhaul, 
multifuel capability, etc, as shown in figure 12. 

For these reasons, turbines have entirely captured 
the military and largo commercial markets plus the 
higher-powered end of general aviation. However, 
the two detrimental features of excessive engine 
price and high fuel consumption have thus far pro- 
hibited inroads into the smaller sizes, which repre- 
sent the great majority of all engines manufactured 
(fig. 1). 

Starting in 1977 NASA has sponsored studies 
aimed at exploring the possibility of achieving sub- 
stantial improvements in cost and performance for 
small-size engines of lea* than 1000 horsepower. In 
this so-called GATE program (general Aviation Tur- 
bine Engine), contracts were let with four manufac- 
turers of small engines. The main differences be- 
tween GATE and the just-described QCGAT program are; 

- GATE initially encompassed turbofan, turbo- 
shaft, and turboprop engines, but the con- 
tractors' marketing studies resulted in the 
principal emphasis being placed on the turbo- 
prop as having the major sales potential, 

- QCGAT employs currently available technology 
while GATE is aimed at advanced engines that 
might be feasible In 1908. 

- The QCGAT engine sizes are representative of 
the high-powered executive jets, whereas the 
GATE market studies directed major emphasis 
toward the more populous, 300 to 500 horse- 
power class. 





- ij.L.Vj'Vi' enphanizoo noise and omissions, who ro- 
ne 'UVD- denim eoneepto wore heavily Planted 
tit tUi) achieving of Iot production cost, 

iurloproi'!! ai*o, of course, presently tiolri;' pro- 
duced for general aviation uses, Howovor, in tho 
smaller ui . t*r. that, are of oroatoot present interest, 
they are much more costly than the wo! b-cstabl i shed 
reciprocating onginoo { fig, If), Three of tho four 
liA’i'E contractors arc projecting that this dlffor- 
ouco in cost can ho greatly reduced, especially if 
Mtdi production rater can bo established. (the ap- 
proach of the fourth contractor led to reduced life- 
cycle co etc for hie auvancod engine concepts, al- 
though this in not evident from tho figure, ) 

Ac pointed out in the Introduction, low initial 
cost ie not attractive if engine porformance ia al- 
lowed to de Lori. irate, Aa shown In figure Id a fur- 
ther prediction ty the GATE contractoro ic that tho 
poorer performance that hao, in tho paat, been ex- 
perienced in email engines can be nearly eliminated 
through improved component technologies. 

Tho typeo of airplane that thon becomes fcac- 
ible with GATE-typo engines are illustrated in fig- 
ure 15. Their coot and fuel characteristics are 
considerably aupcrlor to comparable airplanes em- 
ploying current-technology reciprocating engine c, 

(It ohould bo romomberod, of course, that efforts 
are underway to achieve advances in reciprocating 
engines, also,) 

Figure If indicates tho market impact if tho 
OATS expectations materialize and tho reciprocating 
competition docs not advanoo, Instead of the pres- 
ent 400/yoar production rato of turboprop-powered 
airplanes, which is limited by an engine cost bar- 
rier, a substantial penetration into the 10, 000/year 
reciprocating region would tako place, Tliis becomes 
possible through the various techniques indicated at 
the top of tho figure' essentially a coupling of 
low-cost design, improved component technology, 
cheaper manufacturing techniques, and high produc- 
tion rates, 

The Initial GATE studies have now been comple- 
ted, and NA3A is considering possible follow-on pro- 
grams in these areas, 

Proroller Technology 


commercial aircraft, experiments are being per- 
formed on advanced propellers that could permit the 
ueq of turboprop propulsion at the speeds and alti- 
tudes presently flown by large airliners. Figure 17 
shows one of the now dosirun installed in a wind 
tunnel. Push propellors tnay bo equally applicable 
to high-speed oHecublvo-typc aircraft. 

Concluding Remarks 

IhC general aviation industry ia currently en- 
joying a period of strong growth. To assure contin- 
uance of this happy situation, a lorn’, -tern effort to 
Improve tho performance, economy, and safety of the 
airplanes is highly desirable. The enormous diver- 
sity of general aviation applications leads to an 
equivalent variability in tho appropriate types of 
powerplanta that find use. Thic paper has described 
tho research activities within HASA to support in- 
dustry's afforbe to improve tho various engines of 
the future, 
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NASA PROPULSION RLSlARCH 


• INTERMITTENT - COMBUSTION ENGINES 

CONVINTIONAt RfCIPROCATING 
ALTERNATIVE CONCEPTS 

• TURBIN! PO'AtRtP I Nt-INES 

TURBOfAN 

TURBOPROP 

• PROPELLERS 


Figure 3 • Areas of NASA propulsion 
research for general aviation. 
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□ CURRENT 
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Figure 4. - Piston engine research. 


E- ;C28 



Figure 5. - Genera! aviation reciprocating engine test facilities. 
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Figure 6. - Advanced cylinder head concept integration. 




LONG-TERM 
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Figure 7. - Lightweight diesel engine research 


Figure 8. - Rotary engine research. 



-)V2X 


goal 

APPLY AVAIIABU LARGE -ENGINE TECHNOLOGY 
TO OBTAIN LOW NOISE AND EMISSIONS 
APPROACH 

• USE EXISTING SMALL CORES 

• MODIFY COMBUSTOR PLUS NEW LOW SPOOL 

• FLIGHT -WORTHY ROMTING PARTS INSTALLED 

IN BOILER-PLAT: V ACE.LLE 

Figure 9. * Quiet, clean, general aviation turbolan 
lOCGATi program. 
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Figure 10. -QCGAT airplanes. 








TURBINE DISADVANTAGES 


Figure 12. - Current engine selection for light airplanes. 
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Figure 13. - Gate engine cost forecasts 





Figure 14 - Gate SFC improvements. 
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RETRACTABLE SINGLE ENGINE 


10-15% 

LESS GROSS WEIGHT 

20 - 25% 

0-15% 

LESS FUEL BURNED 

10-15% 

10-15% 

LESS INITIAL COST 

15-25% 

7-15% 
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Figure 15. - Benefits relative to current reciprocating engine. 
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Figure 16. - Gate technology could expand domain of small 
turbine engine;. 



Figure 17. - High-speed propeller test model. 



